Bacteriocin-producing starter cultures have been suggested as natural food preservatives; however, development of resistance in the target organism is a major concern. We investigated the development of resistance in Listeria monocytogenes to the two major bacteriocins pediocin PA-1 and nisin A, with a focus on the variations between strains and the influence of environmental conditions. While considerable strain-specific variations in the frequency of resistance development and associated fitness costs were observed, the influence of environmental stress seemed to be bacteriocin specific. Pediocin resistance frequencies were determined for 20 strains and were in most cases ca. 10 ؊6 . However, two strains with intermediate pediocin sensitivity had 100-foldhigher pediocin resistance frequencies. Nisin resistance frequencies (14 strains) were in the range of 10 ؊7 to 10 ؊2 . Strains with intermediate nisin sensitivity were among those with the highest frequencies. Environmental stress in the form of low temperature (10°C), reduced pH (5.5), or the presence of NaCl (6.5%) did not influence the frequency of pediocin resistance development; in contrast, the nisin resistance frequency was considerably reduced (<5 ؋ 10 ؊8 ). Pediocin resistance in all spontaneous mutants was very stable, but the stability of nisin resistance varied. Pediocin-resistant mutants had fitness costs in the form of reduction down to 44% of the maximum specific growth rate of the wild-type strain. Nisin-resistant mutants had fewer and less-pronounced growth rate reductions. The fitness costs were not increased upon applying environmental stress (5°C, 6.5% NaCl, or pH 5.5), indicating that the bacteriocin-resistant mutants were not more stress sensitive than the wild-type strains. In a saveloy-type meat model at 5°C, however, the growth differences seemed to be negligible. The applicational perspectives of the results are discussed.
One of the objectives of using bacteriocins produced by lactic acid bacteria for the biopreservation of food products is to eliminate or control Listeria monocytogenes. The main focus so far has been on nisin, which is the only bacteriocin to date approved as food preservative (36) , and the pediocin-like or class IIa bacteriocins. Accumulating evidence suggests that there is an abundance and diversity of class IIa bacteriocinproducing organisms present in various food products (12) , representing a natural reservoir of protective cultures.
A main concern regarding biopreservation is the possibility of impediment by natural or developed resistance. Natural resistance to class IIa bacteriocins has been reported in 1 to 8% of tested wild-type strains (11, 20, 32) , and variations in natural sensitivity to nisin have also been observed (13, 32, 38) .
Nisin resistance in L. monocytogenes has been observed to develop at frequencies ranging from Ͻ10 Ϫ9 to 10 Ϫ5 (3, 8, 27 ) and from 10 Ϫ8 to 10 Ϫ2 in other gram-positive organisms (24, 27) . The spontaneous resistance was stable in L. monocytogenes (3, 26, 39) and in other organisms (4, 14, 22, 34) . In one report, however, sequential exposure to nisin was required to attain stable resistance to the bacteriocin in L. monocytogenes (27) . Resistance to class IIa and other bacteriocins occurred at frequencies of 10 Ϫ6 to 10 Ϫ3 in L. monocytogenes (10, 33, 41) , and the developed resistance was stable in some mutants (9, 33) but unstable in others (10) . Pediocin resistance has been reported to develop at very high levels (see, for example, reference 9), ostensibly by an on-off type mechanism, but nisin resistance occurs by small and gradual increases in MIC (15) . Various physiological changes in the cell envelope of Listeria following nisin resistance development have been described (5, 7, 21, 26, 28, 39) and suggest that the mutants could have impaired growth or adaptation to environmental stresses such as salt and low temperature. In concordance with this, bacteriocin resistance development has in most, but not all, mutants been associated with fitness costs. Nisin or class IIa bacteriocin resistance conferred various degrees of growth inhibition in some spontaneous mutants of Listeria and other organisms (9, 10, 14, 21, 26, 27) , while others had growth characteristics similar to those of the wild-type strain (3, 39) .
Since most studies have employed one or only a few strains, it seems likely that some of these confusing results are due to strain-or isolate-specific variation in the frequency of bacteriocin resistance development, the stability of the arising phenotype, and the subsequent fitness costs. The observed wide range of resistance frequencies indicates the possibility of a critically high level of arising resistance; however, there is not enough information available to determine the probable consequences for the efficacy of biopreservation of food products. In particular, data are lacking on the biodiversity of the response of wild-type isolates.
We present here the first comprehensive investigation of bacteriocin resistance development under various food-relevant conditions in a broad selection of wild-type strains repre-senting the observed levels of pediocin and nisin sensitivity. We determined the frequencies of pediocin and nisin resistance development at relevant pH, NaCl, and temperature levels, and we assessed the fitness costs and the stability of the mutants under similar conditions. The conclusions regarding fitness costs and stability were examined in a saveloy-type meat model system. Additionally, the frequency of simultaneous pediocin and nisin resistance development was investigated. The results give a general impression of the natural variation to be expected in food systems, and in this context the perspectives regarding application are discussed.
(Part of this work was published in the Proceedings of the 17th International Conference of the International Committee on Food Microbiology and Health in 1999.)
MATERIALS AND METHODS
Bacterial strains and culture conditions. The L. monocytogenes strains used in this study (Table 1) were from the strain collections at the Department of Dairy and Food Science and the Danish Meat Research Institute (Roskilde, Denmark).
The susceptibility of wild-type strains to nisin and pediocin was described by Rasch and Knøchel (32) . Most of the tested wild-type strains were bacteriocin sensitive, being inhibited by 500 IU of nisin or 640 arbitrary units (AU) of pediocin/ml at pH 7.3 (regarding pediocin activity units, see below). A few strains had intermediately enhanced resistance to either nisin or pediocin and exhibited limited growth at these concentrations. Wild-type strains with complete resistance to pediocin, i.e., showing uninhibited growth at the maximum concentration employed (see below), were also included in the study.
Spontaneous bacteriocin-resistant mutants were isolated after single or sequential exposure to the relevant compound (16, 15) as described in Table 1 . For the nisin-resistant mutants there was typically a two-to fourfold increase in the nisin MIC compared to the respective parental strain (15) , whereas the pediocinresistant mutants all exhibited the same complete pediocin-resistance phenotype as the wild-type strains described above. Mutants isolated in the agar diffusion assay employing Leuconostoc carnosum 4010 as inhibitor were cross-resistant to pediocin, indicating that Leuconostoc carnosum 4010 produces class IIa bacteriocin(s).
Cultures were grown in brain heart infusion broth (BHI broth; Difco, Detroit, Mich.) without agitation or on tryptone soy agar (TSA; Oxoid, Basingstoke, United Kingdom), both at 30°C. When indicated, NaCl was added at 3 or 6% (wt/vol), and the pH was adjusted to 6.5, 6.0, or 5.5 with 2 M HCl. Preinoculum was cultured either at 30°C for 19 h (standard preinoculum) or at 5°C for 7 days, followed by 2 days at 10°C (low-temperature-adapted preinoculum).
A stock solution of 4 ϫ 10 4 IU of pure nisin A (supplied by Aplin and Barrett Ltd. [Danisco Ingredients], Beaminster, United Kingdom)/ml in 0.02 M HCl was added to TSA (pH 6.5) to a final concentration of 100 or 500 IU/ml. Pediocin PA-1 fermentate was supplied by B. B. Budde (Frederiksberg, Denmark). The pediocin activity was determined by an automated turbidimetric screening method with Lactobacillus sake NCFB 2714 as an indicator organism (modified after an earlier study [30] ). The obtained AU (19) are equal to 0.4 ϫ the units determined by Rasch and Knøchel (32) using a well diffusion assay. The fermentate was added to TSA at a maximal final concentration of 25%, a value corresponding to 2,560 AU/ml.
Spot method for bacteriocin resistance frequency determination. A 5-l portion of a 10-fold serial dilution of either standard or low-temperature-adapted preinoculum in peptone saline was spotted onto TSA plates. From each dilution, four aliquots were spotted onto selective TSA agar at the relevant pH and NaCl levels. Another four spots were made on similar plates without the bacteriocin. After incubation of the plates, the CFU/ml values were calculated from dilutions giving up to 25 colonies per spot (in most cases 5 to 15). The resistance frequency (i.e., the ratio between the CFU/ml values with and without selection) was determined as the average of two independent experiments. The statistical significance of observed differences between methods was assessed by analysis of variance conducted in SAS 6.12 (SAS Institute, Cary, N.C.). Statistically significant differences between the log 10 of resistance frequencies of individual strains were estimated by the least significant difference (LSD) as an option under the statement MEANS in SAS.
Stability of bacteriocin resistance. The stability of the acquired resistance was monitored for at least 100 generations of exponential growth in BHI broth (pH 6.5) without selection. Exponential growth was maintained by twice-daily dilutions (10 Ϫ3 to 10 Ϫ5 ) of the cultures into fresh broth, which kept the optical density at 600 nm (OD 600 ) under ca. 0.2. At regular intervals the cultures were tested for bacteriocin resistance, i.e., ability to grow on TSA plates containing either 500 IU of nisin or 1,720 AU of pediocin (both at pH 6.5)/ml. The corresponding wild-type strains were included as sensitive controls.
Fitness costs of bacteriocin resistance at 30°C. The growth of strains having developed resistance was compared to the parental wild-type strain under different conditions. Growth was monitored in BHI broth with the pH adjusted to 6.5, 6.0, or 5.5 combined with NaCl added at 0, 3, or 6%. Each broth was inoculated to 10 5 CFU/ml with standard preinoculum, and 200 l was loaded in triplicate in honeycomb microtiter plates. The OD 600 was measured every 10 min for 27 h by using a Bioscreen C unit (Labsystems, Helsinki, Suomi Finland). For each well the OD 600 as a function of time was fitted to a four-parameter logistic model by using the method of least squares. The maximum specific growth rate, max , and the time, T, to reach max were estimated and compared pairwise by using the statement LSMEANS and the option TDiff in SAS. After the run, bacteriocin resistance was verified on selective plates (TSA with 2,000 IU of nisin or 2,560 AU of pediocin [both at pH 7.3]/ml).
Fitness costs in BHI broth at 5°C. Growth was monitored in BHI broth with the pH adjusted to 6.25 and 1.5% added NaCl. Low-temperature-adapted preinoculum was inoculated in duplicate at 10 3 CFU/ml. The OD 600 was measured every second day for 20 days. Growth curves were fitted to a logistic model, the T and max values were determined, and these values were compared by g a Ped, pediocin; Nis, nisin. The superscripts "s," "r," and "i" indicate sensitive, resistant, and intermediate, respectively. The remaining superscript letters indicate the following. Spontaneous resistant mutants were isolated after 10 ("b") or 27 ("c") sequential passages on nisin-containing TSA or after 8 ("d") passages on pediocin-containing TSA (pH 7.3, 30°C). Other mutants were isolated after a single exposure to 500 IU of nisin/ml ("e") or 2,560 AU of pediocin/ml ("f") (pH 6.5, 30°C) or from an agar diffusion assay, with Leuconostoc carnosum 4010 as an inhibitor, as single colonies in the inhibition zone in BHI soft agar ("g").
VOL. 3 CFU of low-temperature-adapted preinoculum per slice and vacuum packed. The number of CFU cm Ϫ2 was determined in duplicate after 0, 3, 7, 14, 21, and 28 days at 5°C. Two randomly chosen packages were opened, and the meat was homogenized in 50 ml of peptone saline for 30 s at medium intensity in a Stomacher 400 lab blender (Seward Medical, London, United Kingdom). The CFU cm Ϫ2 was determined on Listeria selective agar plates (Oxford Formula; Oxoid), and growth curves were determined from the averages of two results. The bacteriocin resistance was tested after 28 days by parallel enumeration on selective plates (TSA with 2,000 IU of nisin or 2,560 AU of pediocin [both at pH 7.3]/ml). The natural flora, normally dominated by lactic acid bacteria, was assessed on days 14 and 21 by parallel enumeration on de Man, Rogosa, Sharpe agar (MRS; Oxoid), TSA, and Listeria selective agar, and the results verified that L. monocytogenes was the dominating species.
RESULTS

Strain variations in frequency of resistance development.
Initial experiments showed no significant difference (P Ͼ 0.05) between resistance frequencies determined by the described spot method and traditional plating (results not shown). Use of the spot method considerably reduced the required number of plates and the number of colonies to be counted.
The frequency of the development of pediocin resistance (1,720 AU/ml) was determined for 20 strains (Fig. 1A) . Of these, five were resistant, six were sensitive, and nine had intermediately enhanced resistance to pediocin. Analysis by LSD divided the strains into three statistically distinguishable groups. Two of the nine strains with intermediate pediocin sensitivity had frequencies of ca. 10
Ϫ4 . The remaining nonresistant strains, i.e., of the nine strains with intermediately enhanced resistance and the six sensitive strains, developed pediocin resistance at frequencies of ca. 10 Ϫ6 (6 ϫ 10 Ϫ7 to 7 ϫ 10 Ϫ6 ). The resistant strains comprised a group with frequencies of 0.1 to 1, as expected.
The frequency of nisin resistance development (500 IU/ml) was determined for 14 strains (Fig. 1B) , of which four had intermediately enhanced nisin resistance and the remaining ones were sensitive to nisin. Here, the strains did not form clearly discernible groups, which was corroborated by the LSD test. Four strains comprised a group having frequencies of 10 Ϫ3 to 10 Ϫ2 , with two of the intermediately nisin sensitive strains (L. monocytogenes 31 and 393) having the highest frequencies. The remaining strains could not be subdivided further and had nisin resistance frequencies in the range 10 Ϫ7 to 10 Ϫ4 ; the intermediately sensitive strains (L. monocytogenes 358 and 387) were among those with the highest frequencies.
Influence of pH, salt, and temperature on the frequency of resistance development. The frequency of resistance development was determined for the four strains L. monocytogenes 22, 322, 358, and 412, representing the observed natural variations in bacteriocin sensitivity, in a full factorial experimental design with two levels of pH (5.5 and 6.5), added NaCl (0 and 6%), and temperature (10 and 30°C), by using low-temperatureadapted preinoculum. L. monocytogenes 22 turned out to be pH sensitive, preventing meaningful determinations at pH 5.5 for this strain.
The frequency of development of resistance to pediocin (1,720 AU/ml) was not appreciably affected by any of the applied conditions. The observed frequencies for the four strains were 2 ϫ 10 Ϫ4 to 4 ϫ 10 Ϫ4 , 0.7 to 1.2, 3 ϫ 10 Ϫ6 to 9 ϫ 10 Ϫ6 , and 3 ϫ 10 Ϫ6 to 6 ϫ 10 Ϫ6 , respectively, compared to 1 ϫ 10 Ϫ4 , 0.3, 1 ϫ 10 Ϫ6 , and 1 ϫ 10 Ϫ6 in the previous experiment (Fig. 1A) .
In contrast, the development of resistance to 500 IU of nisin/ml was strongly affected by the employed conditions. The frequencies for all four strains were below the detection limit of 5 ϫ 10 Ϫ8 except for plates with pH 6.5 and no added NaCl incubated at 30°C. These plates corresponded to the standard conditions in the previous experiment (Fig. 1B) , the only difference being that in the current experiment a lowtemperature-adapted preinoculum was employed. Here, the nisin resistance frequency for L. monocytogenes 322 decreased 100-fold and for L. monocytogenes 412 it increased 10-fold, whereas there were only minor effects for the two remaining strains compared to the experiment in Fig. 1B .
The effect of salt and incubation temperature was further investigated for L. monocytogenes 412 by reducing the nisin concentration to 100 IU/ml at pH 6.5 with low-temperatureadapted preinoculum (Fig. 2) . An intermediate salt level (3% added NaCl) was included in the experiment. At 10°C, the nisin resistance frequency was 6 ϫ 10 Ϫ6 to 2 ϫ 10 Ϫ5 , showing a minor effect of salt content at this temperature. At 30°C, there was a pronounced effect. With 3% added NaCl, the frequency was 0.7, indicating that L. monocytogenes 412 was practically insensitive to the applied nisin. Without added salt, the frequency (6 ϫ 10 Ϫ5 ) corresponded to values observed at 10°C. With 6% NaCl, the frequency was reduced to 3 ϫ 10 Ϫ7 . The effects of NaCl and temperature were statistically significant (P Ͻ 0.001 and P Ͻ 0.01, respectively).
Frequency of simultaneous pediocin and nisin resistance development. The resistance frequency was determined for two strains, L. monocytogenes 412 and 22, with plates containing 1,720 AU of pediocin/ml, 500 IU of nisin/ml, or the combination of 1,720 AU of pediocin and 500 IU of nisin/ml (standard preinoculum, TSA [pH 6.5], 30°C). For both strains, simultaneous exposure to pediocin and nisin reduced the frequency of resistance development. L. monocytogenes 22 developed resistance to pediocin and nisin at frequencies of 1 ϫ 10 Ϫ4 and 7 ϫ 10 Ϫ5 , respectively. If the two effects were independent, resistance to the two bacteriocins applied simultaneously would be expected to occur additively, at a frequency of ca. 7 ϫ 10 Ϫ9 ; however, resistance to the bacteriocin combination developed at 8 ϫ 10 Ϫ7 . L. monocytogenes 412 had resistance frequencies of 1 ϫ 10 Ϫ5 , 5 ϫ 10 Ϫ4 , and 9 ϫ 10 Ϫ8 for pediocin, nisin, and the combination, respectively (additive effect, 5 ϫ 10 Ϫ9 ). Stability of developed resistance. The stability of pediocin or nisin resistance was determined for the mutants listed in Table  1 and for the L. monocytogenes 412 mutant isolated with the combination of pediocin and nisin. The pediocin-resistant mutants all retained this phenotype during 100 generations of exponential growth without selection in BHI broth at 30°C. The stability of the nisin-resistant mutants varied. L. monocytogenes 412N, 412NP, and 322N2 were stable, whereas L. monocytogenes 358N and the L. monocytogenes 412 derivative isolated by simultaneous exposure to nisin and pediocin both reverted to nisin sensitivity after 50 to 100 generations. L. monocytogenes 31N2 was not tested.
The stability of the pediocin mutants of L. monocytogenes 412 isolated in the factorial experiment described above was tested. All eight were stable for over 100 generations.
Additionally, all of the mutants tested in the fitness cost experiments (see below) retained their resistance phenotypes during growth in BHI broth at the various levels of salt, pH, and temperature and in the meat model (all corresponding to ca. 20 generations).
Fitness costs of developed resistance. Growth in BHI broth at 30°C was determined for six pediocin-resistant, four nisinresistant, and one "doubly resistant" mutant (i.e., resistant to both pediocin and nisin). In order to assess the effect of salt and pH, nine different broths were used (0, 3, and 6% added NaCl and pH at 5.5, 6.0, and 6.5). Table 2 shows the maximum specific growth rates, max , with 0 and 3% added NaCl (six different broths). A significantly lower max (P Ͻ 0.05) was frequently observed in the bacteriocin-resistant mutants compared to the parental strain, indicating that there was a fitness cost associated with resistance development. The effect was more pronounced for the pediocin-resistant mutants than for the nisin-resistant mutants. any of the six media. For L. monocytogenes 322N2 and 358N, max was reduced to 59 to 80% of the rate of the wild-type strains in two and three of the tested media, respectively. The pediocin-resistant mutants had a significantly lower max value (P Ͻ 0.05) in three to five of the six broths. Additionally, the reductions in max were larger for the pediocin-resistant mutants than for the nisin-resistant mutants. For example, at pH 6.5 without added NaCl, the max of the nisin-resistant mutants was 71 to 100% of the rate of the corresponding wild-type strains, while the max of the pediocin-resistant mutants was reduced to 44 to 57% of the wild-type rate. The doubly resistant strain L. monocytogenes 412NP generally had slightly larger fitness costs than the corresponding pediocin-resistant mutant.
At 6% added NaCl, the growth curves were incomplete, which prevented calculation of the max . However, the growth curves likewise indicated larger fitness costs in the pediocinresistant mutants than in the nisin-resistant mutants (results not shown).
Similar general observations were made for the time, T, to reach maximum growth rate (results not shown). Significant increases in T (P Ͻ 0.05) were observed especially for the pediocin-resistant mutants. The doubly resistant strain and the three mutants isolated after exposure to L. carnosum 4010 showed the largest increases in T.
Fitness costs in BHI broth at 5°C. The growth of wild-type and resistant strains at 5°C was determined in BHI broth at pH 6.25 with 1.5% added NaCl (Fig. 3) . These levels were chosen in order to mimic the conditions in meat products. The growth of the nisin-resistant mutants was virtually identical to that of the corresponding wild-type strains. The pediocin-resistant mutants had significant (P Ͻ 0.05) reductions of max to 59 to 87% of the rate of the corresponding wild-type strain.
Fitness costs in a meat model. In this experiment, growth at 5°C of three pediocin-resistant and two nisin-resistant mutants was compared to the respective wild-type strains (Fig. 4) . The observed growth of the resistant mutants was indistinguishable from that of the wild-type strains, indicating that bacteriocin resistance development did not confer measurable fitness costs in the meat model system based on CFU counts.
DISCUSSION
Frequency of resistance development. The results of this study demonstrate a substantial natural variation in the frequency of bacteriocin resistance development in L. monocytogenes, reflecting the effects of strain, bacteriocin, culture preadaptation, and environmental factors such as pH, NaCl, and temperature.
In addition to being practically invariable to specific strain and environmental conditions, the frequency of pediocin resistance development was not affected by varying the pediocin concentration from 1,200 to 2,560 AU/ml in two strains (results not shown). Similar results for strain, condition, and concentration were obtained in our laboratory when we used the fermentate of another class IIa bacteriocin producer, L. carnosum 4010 (results not shown), suggesting that the seemingly invariable resistance frequency could be a common property of this class. A subgroup of the intermediately pediocin sensitive strains had a ϳ100-fold-higher frequency of pediocin resistance development. If this observation were extrapolated with respect to the prevalence of intermediately susceptible strains reported by Rasch and Knøchel (32) , the higher resistance frequency would be expected in ca. 2% of natural L. monocytogenes isolates. Compared to our results, most previous studies employing various class IIa bacteriocins have reported relatively high resistance frequencies of 10 Ϫ4 to 10 Ϫ3 in one or two tested strains (33, 41) , although in one strain frequencies of 10 Ϫ6 to 10 Ϫ4 were observed (10). We observed very substantial variations in nisin resistance development, with pronounced effects of all tested parameters. In concordance with these findings, previous studies of one to a Pediocin-resistant strains are designated "P," "Ln," or "GR". Nisin-resistant strains are designated "N." Mutants with a significantly different (P Ͻ 0.05) maximum growth rate compared to the corresponding wild-type strain are indicated with an asterisk. ND, not determined. three strains have mentioned frequencies ranging from Ͻ10 Ϫ9 to 10
Ϫ3 (3, 6, 8, 18, 26, 27, 34) . Also in agreement with our results, increasing the nisin concentration or lowering the incubation temperature reduced the nisin resistance frequency (26) . However, the results on the effect of salt are somewhat contradictory. Nisin resistance development in L. monocytogenes Scott A was enhanced when the salt concentration was increased from 0.5 to 3.5% during incubation at 10°C but not at 20 or 30°C (8), while we saw a similar protective effect in L. monocytogenes 412 at 30 but not at 10°C. This protective effect occurred at 3.5% but not at 6.5% NaCl. An increased nisin resistance frequency upon addition of 0.5% salt (37°C) has also been reported (3) . Protection from nisin inactivation at certain pH levels was observed by a gradient plate method, but a similar effect was not seen for salt (37) . The observed responsiveness to the specific conditions emphasizes the importance of caution when results obtained under different experimental procedures are compared and suggests a complex interaction between salt and nisin resistance development.
A strategy envisioned to circumvent problems resulting from bacteriocin resistance is the application of two bacteriocins with different antibacterial activity mechanisms (17, 34) . In the two strains we tested, the frequency of the simultaneous development of resistance to pediocin and nisin was 10-to 100-fold higher than what would be expected from a combination of the two bacteriocins applied separately. Similar results have Distinct differences between nisin and pediocin were observed. While the employed environmental conditions had no effect on pediocin resistance, a considerable reduction in the development of nisin resistance was observed during salt or low-temperature stress. Additionally, preadaptation of the inoculum to low temperature did not affect the development of pediocin resistance, whereas strain-specific effects on the development of nisin resistance were observed. The observed differences probably reflect differences in resistance mechanisms for the two bacteriocins.
Resistance to various antibiotics has been determined to develop at frequencies of 10 Ϫ9 to 10 Ϫ7 in L. monocytogenes by procedures similar to those in this study (2, 29, 31, 40) . Thus, bacteriocin resistance seems to arise at relatively high frequencies. The reason for this is not known.
Fitness cost and stability of developed resistance. The mutations conferring bacteriocin resistance could possibly reduce the growth potential of the cells or render them more sensitive to preservation parameters such as salt, low pH, or low temperature. We observed that bacteriocin-resistant mutants, and pediocin-resistant mutants in particular, frequently exhibited fitness costs, having a reduced maximum specific growth rate as well as an increased lag phase in broth. Previous reports on fitness costs in Listeria have varied greatly.
The findings on the influence of environmental factors also apparently conflict. The mutants we characterized were not more sensitive to salt or low pH than their parental strains, since the fitness costs in broth did not increase with increasing salt or low pH stress. Studies on different nisin-resistant mutants of L. monocytogenes Scott A have reported a larger growth rate reduction at 20°C than at 37°C (27) but similar growth rate reductions in the range 10 to 20°C (26) . We observed comparable, isolate-specific growth rate reductions at 10°C and at various NaCl and pH levels at 30°C, indicating that the mutants did not have altered sensitivity to these stress factors. Various degrees of increased sensitivity to NaCl and low pH have been described for two different mutants (25) .
It would thus seem that the actual fitness cost and sensitivity to environmental conditions are isolate specific, although variations in the applied methods may also be part of the explanation. Our results additionally show that fitness costs following pediocin resistance development are more severe than those imposed by the level of nisin resistance observed here. In a saveloy-type meat model system, no fitness costs were observed. This seeming discrepancy could be due to the inherently lower accuracy of the latter procedure, i.e., the fitness costs in broth were not large enough to be detectable in the meat model, and therefore are probably not of any practical importance. Alternatively, currently unknown factors in the anaerobic meat system could favor the bacteriocin-resistant mutants and thereby improve their growth potential.
A fitness cost as described above would be expected to influence the stability of a bacteriocin-resistant culture, since a bacteriocin-sensitive revertant with a higher growth rate would invade the resistant culture, as described previously (10) . It is therefore surprising that bacteriocin resistance in most cases was very stable and that the pediocin-resistant mutants, in spite of having more pronounced fitness costs, were more stable than their nisin-resistant counterparts. Additionally, there was no apparent correlation between reductions in the maximum specific growth rate and the stability of the nisin-resistant mutants in this study. Most other studies have also reported bacteriocin resistance in L. monocytogenes to be stable (26, 33) . Ming and Daeschel (27) reported that resistance following a single exposure to nisin was unstable, whereas serial transfer in nisin-containing media resulted in stable resistance. We did not observe such a correlation.
Conclusions and perspectives with respect to application. The presented results allow some general considerations regarding the likelihood of development and the persistence of resistant strains.
Resistance to class IIa bacteriocins may be expected to arise at a frequency of ca. 10 Ϫ6 , irrespective of the prevailing conditions. Therefore, the number of listerial cells (i.e., the contamination level) can be expected to be a determining factor. The observation that one strain developed simultaneous resistance to pediocin and nisin at a frequency of 10 Ϫ6 underlines the importance of maintaining a low contamination level.
The frequency of development of increased resistance to nisin cannot be predicted, since it will be a function of the specific strain and conditions. Since food systems inherently are heterogeneous, it is conceivable that gradients (especially with respect to salt) will create local areas where increases in resistance can occur at relatively high frequencies. This will presumably only result in a low level of enhanced nisin resistance. However, since the nisin resistance phenotype can be very stable, it is conceivable that it may subsequently constitute the basis for further increases and thereby have an important role for the final emergence of high nisin resistance levels, similar to observations for some types of antibiotics (23) .
If bacteriocin-resistant strains do arise, they must be expected to proliferate in meat and possibly also other food systems. Additionally, the high stability often observed could infer that secondary mutations subsequently would arise, ameliorating the fitness cost, as seen previously in antibiotic-resistant mutants (1, 35) .
It is clear that many interacting factors will influence the probability of bacteriocin resistance development during biopreservation of food. To a certain extent, the outcome may be predicted through mathematical modeling, provided that sufficient and suitable data are available. We are currently investigating such an approach. Ultimately, the answer must be acquired through realistic food trials, and such verification is urgently required.
